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Computer architectures have entered a watershed
as the quantity of network data generated by user
applications exceeds the data-processing capacity
of any individual computer end-system. It will
become impossible to scale existing computer
systems while a gap grows between the quantity
of networked data and the capacity for per system
data processing. Despite this, the growth in demand
in both task variety and task complexity continues
unabated. Networked computer systems provide
a fertile environment in which new applications
develop. As networked computer systems become
akin to infrastructure, any limitation upon the
growth in capacity and capabilities becomes an
important constraint of concern to all computer
users. Considering a networked computer system
capable of processing terabits per second, as a
benchmark for scalability, we critique the state of
the art in commodity computing, and propose a
wholesale reconsideration in the design of computer
architectures and their attendant ecosystem. Our
proposal seeks to reduce costs, save power and
increase performance in a multi-scale approach
that has potential application from nanoscale to
data-centre-scale computers.
1. Introduction
The rapid growth and widespread availability of high-
capacity networking has meant that all computers
are networked and have become integral to today’s
modern life. From the appliances we each have in
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our house and office through to the high-performance computers (HPCs) of weather forecasting
to the rise of the data centre, providing our favourite search engine, storage for our family
photos and pivot for much corporate, government and academic computing. The modern
application presumes network connectivity and increasingly the common application presumes
high-performance network connectivity to ensure the timely working of each network operation.
Such demand has been central, driving both the need for networking and the approach
towards the capacity crunch (see other publications in this discussion meeting issue). A capacity
crunch that has forced photonics development and triggered, with its lower cost of repair,
(gigabit) fibre to premises to become the premier standard for Internet new entrants (e.g.
Google Fiber) and incumbents (e.g. Comcast and AT&T.)
Cloud usage has driven network demand, yet the cloud itself is not well defined; a cloud may
equally likely be provisioned by a company as a subscription service itself or provided as a loss
leader. Cloud-based services may present as one or more of a provision of storage, of computing
resource or of specific services (e.g. database, Web-based editor). Early cloud incarnations were
driven to lower capital costs by centralizing resources and based upon arrays of commodity hosts.
However, cloud provision has certainly entered the adolescent years and, with operational costs
of electricity and maintenance eclipsing those of provision, effective cloud facilities are bespoke
designs that only resemble in computer architecture the commodity boxes of their ancestry.
Because few organizations can do custom design and build, the cost to install a cloud system
has risen dramatically as scale-out hyper-data centres recoup investment in the bespoke design
and manufacture process.
In contrast with Cloud—an offering of services both physical and virtual—for the purposes of
the discussion in this paper, the data centre is the physical manifestation of equipment whose
purpose is to provide cloud services. The data centre, from the modest physical equipment
provisioned within a small department machine-room to the hyper-data centres of Google,
Microsoft and Facebook, represents the equipment—computers, storage and networking—upon
which cloud services operate.
Cloud-centred network applications include content distribution, e.g. NetFlix and BBC
iPlayer, and the more traditional Web services of commerce, targeted advertising and social
networking [1–3]. These sit alongside the wide range of crucial applications yet run sight-unseen
supporting specialist use in engineering, science, medicine and the arts. Examples include: jet
turbine modelling, car safety simulations [4] and quantitative research [5] as well as sophisticated
image processing common to both medicine and the arts as movie post-production processing
is now commonplace. All of this is quite aside from the network applications that support our
personal communications and interactions with national security.
The effect of high-performance network applications is reflected in the increasing need
for network bandwidth. Cisco’s Global Cloud Index [6] for 2013–2018 forecasts that global
data-centre IP traffic will nearly triple (2.8-fold) over the next 5 years, and that overall data-
centre workloads will nearly double (1.9-fold). For current applications, the physical server
workload is predicted to rise by 44% for cloud data centres and 13.5% for other, traditional,
data centres. Also, new technologies, such as the Internet of Things, will further increase the
demand on networking, compute and storage resources, growing the associated data by 3.6-fold
by 2018 [6]. Alongside this an expected global consumer storage requirement of 19.3 exabyte
(annually) by 2018 suggests current computing architectures do not provide an answer to
forthcoming challenges.
While the move to cloud-based computing may improve performance, and reduce operational
costs such as power consumption, it does not solve these challenges: the power consumption
is not eliminated—rather it is centralized within the data centre, and new networking traffic
(that did not exist before migrating to the cloud) is generated between the user and the cloud.
Furthermore, the cloud is not always suitable: from researchers in academic institutes to people
concerned with their privacy in the post-Snowden era [7], many require their servers on site.
Chen & Sion [8] showed that moving to the cloud is not always cost-effective, as appropriate cloud
services are not provided for free, and depend on the skills and particulars of both the users
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and the applications. Even for those wishing to migrate to the cloud, yet who have only modest
network requirements for each application, e.g. download speeds of up to 2.5 Mbps or a latency of
up to 160 ms, such a change would currently be impossible on the existing network infrastructure
of most countries [6].
Into this lacuna we propose our alternative, Computer as Network (CAN). Before we justify
our approach, in §2 we describe the needs of several modern applications. Following the outline
of our use-cases, we review current computer-architecture directions in §3. We criticize these
directions, highlighting their limitations in §4. In §5, we outline the underlying cause for these
limitations: a developing gap in the resource of network and usable computer processing. Finally,
§6 outlines our proposed CAN architecture and describes the manner in which this architecture
attends past limitations. §7 notes how, as an enabling technology, this work will have an impact
and outline a proposed path to the evaluation prototype.
2. Context
A common misconception is that the storage and processing resources of a centralized cloud
data centre will suffice. Yet, just as we have communication and transportation infrastructure
across continents deployed at varying scales and for varying needs (e.g. a four-lane interchange
on a motorway versus a mini-roundabout in a rural area), so too do we need computing as an
infrastructure.
Focused beyond data centres, we outline several use-cases for specific and dedicated
computing infrastructure. The effect of latency, the desire for privacy and local control, and the
need for availability—each motivate an infrastructure of computing provision. Just as in other
types of infrastructure, there is a scaling of resources: from an unpaved road to the motorway
(transportation) and from a home landline to a backbone network (communication). It is within
this range of computing infrastructures that a lacuna exists: we currently step from a data centre
handling petabytes per second of information to commodity servers that only handle gigabytes
of data. Figure 1 depicts several use-cases that benefit from computing as an infrastructure.
Despite apparent sufficiency, the current arrangement of computers, networks and data-centre
services cannot easily effect end-host latency, meet the desire for privacy and local control, or meet
the need for availability. Meeting these needs, the personal data centre, suggested by Databox [9],
specifically seeks to provide high availability, and local data-management and privacy controls.
With sufficient computing resource, and continued advances in homomorphic encryption [10],
a Databox concept could provide near perfect encryption—allowing computation by third-party
services without any privacy concern.
Such sharing becomes critical as, in the manner of power and communications infrastructure,
the personal data centre can serve more than a single household. Just as consumers are already
familiar with being paid for returning excess solar-panel production to the grid, personal data-
centre services could be provided in a similar way. The owner of a personal data centre could,
just as some British Telecom users share their home wireless and extend their wireless coverage
through other participating consumers’ equipment, share resources from their personal data
centre among other similarly minded contributors. A personal data centre that allows sufficient
resource control, moderation and security is an important enabling technology.
Mobile computing has provided the spearhead use-case for cloud-based computation. It
lowers handset power consumption and maximizes battery life by offloading computations.
However, conducting most of the computations off the mobile device is combined with a need for
a crisp user experience that requires low latency. Cloudlets [11] have been proposed to address the
latency needs for mobile-device offload. A Cloudlet is a trusted, resource-rich, computer that is
both well connected to the Internet and available for use by nearby mobile devices. Cloudlets are
an interim computing level between mobile devices and full cloud services, but they also require
powerful local computing. This local computing resource needs to support isolation between a
large number of users. Cloudlets also require considerable processing resources in order to both
offload mobile computations and provide a satisfying user experience.
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Figure 1. Scaling computing infrastructure: from personal computing and personal data centre to tier-1 data centres. (Online
version in colour.)
Regardless of their size, enterprises are very sensitive to their computing infrastructure.
Almost any company today requires significant computing resources and many are encouraged
to move their computing and storage to the cloud—to data-centre services owned by other
companies. Such moves may not be appropriate: a legal company has certain confidentiality
constraints that force data to be on company premises, or a video post-production house
must simultaneously manipulate dozens of 50 Gbps (8 k video) data streams. In each of these
companies, commodity servers are insufficient for their growing needs, yet moving workloads to
the cloud adds too much latency, is too expensive or is illegal. An enterprise must seek a solution
that provides the high performance, reliability and resilience required for its needs, but also the
ability to maintain physical access and to support the computer: that is, support a large number
of users with different sets of policies, and be able to monitor their activities, debug problems and
recover from failures.
Research projects where data must be physically co-located with measurement apparatus,
or where it is not practical to move data to a remote facility, share much in common with the
enterprise case. Furthermore, despite growing research budget pressures, research computing
needs continue to grow. We offer a roadmap to high performance and strong isolation that is
perfect for sharing common facilities.
The need for smaller data-centre facilities nearby to users has not escaped the notice of the
larger data-centre cloud operators; and they also have a need for tiers of smaller data centres
deployed closer to users. Such deployments of many thousands of small data centres at the edge
of their networks further supports our need-based uses.
3. Trends in computer architecture
In the last decade, a revolution in computing concepts has occurred. Alas, most efforts have
focused upon the economy of scale, exploiting cost advantages by expanding the scale of
production. This puts data-centre computing at the focus of interest. To name just a few of these
efforts, Firebox [12] is an architecture containing up to 10 000 compute nodes, each containing
about 100 cores, and up to an exabyte of non-volatile memory connected via a low-latency,
high-bandwidth optical switch. Firebox is focused on designing custom computers using custom
chips. HP’s The Machine [13] focuses on flattening the memory hierarchy using memristor-based
non-volatile memory for long-term storage. The Machine also uses a photonic interconnect to
provide both good latency and high bandwidth among sub-systems. This wholesale use of new
technologies that provide a near-flat latency interconnect and widely available persistent memory
has a large impact upon any software. Both Firebox and The Machine look at data-centre-scale
computing that has requirements different from a collection of co-located servers, and thus their
designs require a holistic approach that treats the entire system as a single machine [14]. However,
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the complexity of these new machines and immaturity of the new technologies led to limited
applicability and a longer time for adoption.
Another approach that exploits the economies of scale by using commodity components is
represented by RackScale [15] and the Open Compute project [16]. The RackScale architecture is
usually referred to by three key concepts [17]: the disaggregation of the compute, memory and
storage resources; the use of silicon photonics as a low-latency, high-speed fabric; and, finally,
a software that combines disaggregated hardware capacity over the fabric to create ‘pooled
systems’. The Open Compute project [16] is an open source project that seeks to design the most
efficient server, storage and data-centre hardware for data-centre computing. Here every element
in the data centre is based on customized boxes built around commodity components and open
source software, and cannot be considered to revolutionize computing concepts. Rack scale is not
well defined, it can refer to a large unit, filling part of a rack; it may also refer to a single rack [18];
and it sometimes also refers to a small number of racks [19].
Several commercial products have tried to address the growing computing needs. Examples
include HP’s Moonshot [20] and AMD’s Seamicro [21]. These machines range in size from one to
10 rack units (being a quarter of a full rack), and sometimes contain more than 1000 cores, divided
between many small server units. Unfortunately, none of these products provides a long-lasting
scalable solution, as shown by HP replacing the Moonshot architecture with The Machine, and
SeaMicro being cancelled by AMD [21].
Specialist HPC applications have driven a set of requirements disjoint from personal or cloud
computing. These expensive single-application systems target very different types of applications
and thus are outside the scope of this work.
4. Limitations of current-day architectures
The computing industry historically relied on increased microprocessor performance as transistor
density doubled [22], while power density limits [23] led to multi-processing [24]. Common
servers today consist of multiple processors, each consisting of multiple cores, and increasingly
a single machine runs a hypervisor to support multiple virtual machines (VMs). A hypervisor
provides to each VM an emulation of the resources of a physical computer. Upon each VM, a
more typical operating system and application software may operate. The hypervisor allocates
each VM memory and processor time. While a hypervisor gives access to other resources, e.g.
network and storage, limited guarantees (or constraints) are made on their usage or availability.
While VMs are popular, permitting consolidation and increasing the mean utilization of
machines, the hypervisor has limited ability to isolate competing resource use or mitigate the
impact of usage between VMs. Beyond predictability, this also limits robustness, as machines are
sensitive to the mix of loads running on top of them. Resource isolation has been the focus of
considerable research over the years, with examples from the multi-processor set-up to resource
isolation between VMs (e.g. [25]). Work on precise hardware communication-resource allocation
has been limited in scalability or has been carried out as thought-experiments (e.g. [26]).
Resource isolation is not the only challenge for scaling computing architectures. General
purpose central processing units (CPUs) are not designed to handle the high packet rates of new
networks. Doing useful work on a 100 Gbps data stream exceeds the limits of today’s processors.
This is despite the modern CPU intra-core/cache ring-bus achieving a peak interface rate of
3 Tbps [27], and a peak aggregate throughput that grows proportionally with the number of
cores. Unlike networking devices, CPUs may spend many instruction cycles per packet. Even the
best current networking driver requires over 100 cycles to send or receive a packet; doing useful
work is even more cycles: an application accessing an object on a small (8 Mbyte) list structure
requires at least 250 cycles [28]. A data stream of 100 Gbps, with 64 byte packets, is a packet rate
of 148.8 M packets per second; thus a 3 GHz CPU has only 20 cycles per packet: significantly
less than required even just to send or receive. The inefficiency of packet processing by the CPU
remains a great challenge, with a current tendency to offload to an accelerator on the network
interface itself [29].
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In-memory processing and the use of remote direct memory access as the underlying
communications system is a growing trend in large-scale computing. Architectures such as scale-
out non-uniform memory access (NUMA) [30] for rack-scale computers are very sensitive to
latency and thus have latency-reducing designs [31]. However, they have limited scalability due
to intrinsic physical limitations of the propagation delay among different elements of the system.
A fibre used for inter-server connection has a propagation delay of 5 ns/m; thus, within a standard
height rack, the propagation delay between the top and bottom rack units is approximately 9 ns,
and the round-trip time to fetch remote data is 18 ns. While for current generation architectures
this order of latency is reasonable [31], it indicates scale-out NUMA machines at data-centre scale
(with each round-trip taking at least 1µs) are not plausible, as the round-trip latency alone is
many magnitudes the time-scale for memory retrieval off local random access memory or the
latency contribution of any other element in the system. With latencies aggressively reduced
across all other elements of in-memory architectures, such propagation delays set a limit on the
physical size and thus the scalability of such an architecture.
Photonics has advanced hand in hand with network-capacity growth. However, photonics has
its own limitations [32]: the minimum size for photonic devices is determined by the wavelength
of light, e.g. optical waveguides must be larger than one-half of the wavelength of the light
in use. Yet, this is over an order of magnitude larger than the size of complementary metal-
oxide semiconductor transistors. Consequently, the miniaturization of photonic components
faces fundamental limits and photonic device sizes cannot be continuously scaled in physical
dimensions. Furthermore, unlike electronic devices in which the signals are regenerated at each
sequential element, optical loss, crosstalk and noise build up along a cascade of optical devices,
limiting scalability of any purely optical path.
Limitations are faced at several levels in the system hierarchy: from the practical limitations
of physics to the increasing impedance mismatch between processor clock speed and network data
rates. We have not even discussed the limitations of economics and politics that mean both large
and low-latency (closed) data-centre facilities are rarely plausible: there is no practical real estate
for a large data centre within the M25 orbital of London, UK, even if it were politically desirable.
As a result, we motivate our own work to address a range of limitations from the impact of
bandwidth, the desire to reduce application latency and also to be a practical and enabling effort:
one that allows a decentralization of resources with the attendant advantages that bring forth
power, privacy and latency.
5. The gap between networking and computing
The silicon vendors for both computing and networking devices operate in the same technological
ecosystem. CPU manufacturers often had access to the newest fabrication processes and the
leading edge of shrinking gate size, while most networking device vendors are fabless, lagging
a few years behind in capitalizing on this. Yet, networking devices have shown over the
past 20 years superior datapath bandwidth improvement to CPUs [32]. Furthermore, in the
past 20 years, the interconnect rate of networking devices doubled every 18 months, whereas
computing system I/O throughput doubled approximately every 24 months [33]. At the interface
between network and processor PCI-Express, the dominant processor-I/O interconnect, the third
generation of which was released in 2010, achieves 128 Gbps over 16 serial links [34]. The fourth
generation—expected in 2016—aims to double this bandwidth. By contrast, Intel’s inter-socket
quickpath interconnect (QPI) currently achieves 96 Gbps (unidirectional). Meanwhile, networking
interconnects have achieved 100 Gbps [35] and 400 Gbps [36] for several years. Furthermore,
these interfaces achieve their high throughput over a smaller number of serial links: four serial
links for 100 Gbps and eight serial links for 400 Gbps [37]. The limitations of existing computing
interconnects vexes major CPU vendors [38].1
1For the work of CAN, we focus our discussion on commodity devices; architectures for HPCs do use more exotic
interconnects, e.g. IBM’s Blue Gene Q interconnect [39].
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Figure 2. The relative improvement of computing and networking devices over the last 15 years. (Online version in colour.)
General purpose processors are extremely complex devices whose traits cannot be limited to
specifications such as datapath bandwidth or I/O interconnect. Subsequently, we evaluate the
performance of CPUs using the Standard Performance Evaluation Corporation (SPEC) CPU2006
benchmark [40] and contrast this with the improvement in network-switching devices and
computing interconnect. To evaluate the improvement of CPUs, we consider all the records
submitted to the SPEC CPU2006 database, for both integer and floating point, speed and
throughput benchmarks. For every year, from 2006 to mid-2015, we select the CPU with the
highest result—and since SPEC evaluates machines and not CPUs, we do that by dividing the
result of each machine by the number of CPU sockets. Figure 2 shows the relative improvement of
CPU speed and throughput performance over the years, growing fourfold (integer) and sevenfold
(floating point) in speed and about 27-fold in throughput (both floating point and integer). For
clarity, we include only integer benchmark performance improvement in the graph.
For networking devices, we observe 266-fold improvement in the throughput of standard top-
of-rack Ethernet switches from 2002 to 2014 [32]. Finally, between networking and processor, the
performance of the PCI-Express interconnect has improved only 6.4-fold from its introduction
to the upcoming PCI-Express fourth generation. Aside from the lack-lustre improvements in
interconnect standards, the other observation from figure 2 is the rate of change for each
measurement. While networking device performance doubles approximately every 18 months
and CPU throughput performance doubles every 24 months, the interconnect between CPUs
improves at the CPU rate. Over time, we predict this lag in scaling has led to a growing gap
in performance between networking and computing devices.
Networking devices have supported the need to actively differentiate traffic. Sophisticated
methods for queue control exist so that network operators can deliver over the same physical
infrastructure differing network traffic (e.g. video distribution, voice calls and consumer Internet
traffic), each with different needs and constraints (e.g. minimal loss, constrained latency or jitter).
Effort to support this means that current network silicon support controls millions of individual
flows—magnitudes of more than the hundreds or thousands of VMs per host.
One of the topics that has been core to networking devices over the years is providing a
predefined quality of service to users. This is what most people know as a service-level agreement
(SLA). Today, Internet connectivity, television and phone services are provided to end-users over
a shared networking infrastructure, and every user can opt for a different SLA for a different
cost. Consequently, networking devices implement in hardware complex schemes that provide
the agreed quality of service to a large number of users, such as priorities, committed and excess
bandwidth, and support properties such as low latency and bounded jitter. Furthermore, these are
supported for hundreds of thousands of different flows, in contrast to the hundreds or thousands
 on April 13, 2016http://rsta.royalsocietypublishing.org/Downloaded from 
8rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A374:20140445
.........................................................
of VMs per host commonly supported by VM appliances. Such network service isolation is of
sufficient granularity to support the requirements identified in §4.
Not only is energy consumption and dissipation the primary force in CPU design but heat
dissipation is important to ensure device performance: the features of devices are dictated by the
thermal footprint. In contrast with CPUs, networking devices have managed to avoid complex
dissipation systems, using only passive heat-sinks and enclosure fans. Thus, the reliability of
networking systems is higher while the electrical operating costs are lower than a typical server.
To bridge the performance gap between networking and computing by capitalizing upon the
promise of current networking approaches, we can draw upon the practices of network switch
silicon [41] while applying the long-standing principles of stochastic networking [42]. One might
envisage a stochastic treatment of transactions permitting an application of certain bounded
throughput and latency for each transaction context.
6. Computer as Network
To address the limitations presented in §5, as a result of the limitations discussed in §4, we present
a new computer architecture, dubbed CAN (Computer as Network). This new architecture
borrows ideas and practices from the networking world to address the challenges presented by
computing.
(a) The CAN architecture
CAN server architecture is focused on multi-core, multi-socket servers and explicitly has a
networking fabric at the core of the computing device, as illustrated in figure 3. Key to this
proposed architecture is that every I/O transaction among elements in the system is treated.
By transaction, we refer to any movement of data over any interconnect within the server;
in the CAN we do not differentiate transactions for networking from transactions for I/O
devices from transactions for memory or inter-socket communications. In all cases, like the
handling of data packets within networks, we can apply performance guarantees such as
priorities, throughput guarantees and latency guarantees to each transaction. A side-effect is
to minimize cross-talk between any transaction: that is, every I/O operation. This also enables
us to use more efficient, network-centric, methods for moving data among the components of a
computer architecture.
Figure 3 illustrates the concept of CAN, contrasting a commodity four-socket architecture with
CAN. It is clear in the commodity four-socket architecture that, because I/O systems, network
devices, graphics devices, etc., are each associated with a particular socket, any data generated
off-socket must hop-by-hop progress through the X–Y grid of sockets, in addition to introducing
variable latency; older results show [43] 150 ns variance across an eight-socket system. Such
data movement will consume intermediate communications and cache resources as transactions
are relayed through the CPU-based network. By contrast, the CAN approach is to use a low-
overhead switching element with direct single-hop access to every socket. Even today, standard
switching silicon can achieve switching delays of less than 100 ns independently of the port-
count or fabric size. Now consider a CAN server in a standard (19-inch) rack width. The server
contains several CPU sockets: the number of sockets can comfortably be between two and 12
sockets. This value is derived by realistic server power and space considerations. Each CPU
socket is directly connected to the network fabric, which consists in turn of one or more network
devices. Alongside the networking and I/O ports, the fabric device, CAN-D (CAN Device), also
connects directly to all the peripherals of the server: storage devices, memory devices, graphic
processing units (GPUs), etc. Finally, the CAN-D has direct access to a large quantity of its own
buffering memory.
Any new transaction arriving to CAN-D, either from within the computer or externally, is
mapped to a destination device (which can be any device on board), and to a flow. A flow can be
destined to a process of a VM on a core within a particular CPU socket, or any other peripheral
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Figure 3. Comparative architectures: (a) common commodity four-socket system, (b) proposed CAN concept. In the common
commodity system, an I/O channel is associatedwitha specificdedicated socket. In theCANconcept, all I/O (storage, networking,
etc.) is associated with the CAN-D. (Online version in colour.)
device. Each flow is assigned a set of properties, such as committed throughput, absolute
priorities and bounding on latency. Each transaction can be guaranteed these properties as it
is forwarded to its destination. Low-priority transactions can be stored in the CAN-D buffering,
to allow transactions with higher priority to jump the queue and receive priority handling. A
common network facility, CAN-D allows a transaction to be trivially sent to multiple destinations
(multi-cast); such abilities would provide for easy replication and locking primitives. Finally, the
CAN architecture supports multi-controller access to memory devices such as the hybrid memory
cube (HMC [44]). Thus, a high-throughput flow can be written directly to the processor’s attached
memory without crossing the processor’s interconnect nor wasting other on-socket resources. All
the while, a control channel can be provided in parallel between the CAN-D and the processor,
permitting permission controls and pre-emption as required.
CAN is a scale-up architecture, and as such it is important to note that CAN does not cause
traffic explosion within the network fabric, as each device within the server generates transactions
at a rate equal to its maximal performance, and overall the intra-server communication is
designed to be of the same order as the inter-server communication. Intra-server communication
scales with networking performance, and CAN-D uses common networking architectures and
practices such as local buffering, thus the overall bandwidth for the CAN-D scales with
commodity networking devices.
While CAN is focused on the server level, this approach can also be applied at the smaller scale
processor level as well as the larger scale data-centre level. On the processor level, CAN-D can be
implemented as the fabric between cores (e.g. using a photonic-based fabric layer as the bottom
of a three-dimensional die-stack device). On the data-centre level, CAN can be extended to have
a top of rack CAN-D or spine CAN-D interconnecting CAN fabrics across multiple servers, racks
or pods. In this manner, CAN can scale-out, and not only scale-up.
In our approach, CAN opts for a non-coherent operating model, using operating systems such
as Barrelfish [43] or Unikernels [45]. Support for coherency is feasible on CAN, for example
to support large-coherency objects, e.g. database applications. This could be achieved by using
the priority mechanics of the network fabric. However, for a highly scalable architecture that
supports heterogeneous devices, where coherency cannot be supported by hardware, we claim
that a software-based approach such as suggested by COSH [46] is better.
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server communication is through CAN-D. (c) A multi-controller memory implementation, where both CAN-D and CPU devices
are attached to the RAM. (d) A centralizedmemory topology, where all devices access the RAM through CAN-D. The number and
type of devices connected to CAN-D vary as well. (Online version in colour.)
The concept of a network fabric as the core of a computer was in part inspired by the Desk
Area Network (DAN) [47], a multi-media workstation that used a single, common, network
interconnect among all sub-systems (CPU, memory, network, audio and video I/O devices). It
also considers ideas proposed for HPCs, and adapts them to affordable commodity hardware
and to computing as infrastructure use-cases.
(b) The benefits of CAN
CAN as a scalable architecture scales with network-switching performance for inter-
server transactions, and with computing-interconnect bandwidth for intra-server transactions,
using existing commodity devices. The use of CAN-D bridges the performance gap
between networking and computing, and provides the first entry on a roadmap for
lasting performance improvement. Beyond high throughput, CAN provides the above-
mentioned performance guarantees: committed and excess throughput, priorities and bounded
latency. Furthermore, CAN-D is designed to support the implementation of new and emerging
performance guarantees, in a manner that allows easy adoption.
CAN provides isolation between compute and I/O units, isolating processes and/or VMs
as required. The isolation of resources means the completion of a job is predictable, while the
computer is robust to interference: the execution time of each job no longer depends on other
work running in parallel.
However, the CAN approach also has challenges: by supporting so many individually
annotated transactions, the management and maintenance must not be neglected. Scalable
solutions from the software-defined network community can be adopted to configure and manage
flows of information in our system. We believe that we can also capitalize on the burgeoning
network verification and correctness efforts to aid in CAN debugging tools from the earliest
design stages.
CAN is an approach to computer architecture, rather than a set definition. As such, the
implementation of CAN is flexible. Figure 4 illustrates several different types of implementations
of CAN: centralized and distributed network fabric implementations, a centralized memory
implementation and an implementation that enables multiple controllers access to memory. This
flexibility makes CAN complementary to the data-centre disaggregation trend, as it can operate
both as an aggregated and a disaggregated box. CAN uses an interface oblivious design that
enables a single CAN-D device with flexible configurations: any single interface may operate as
a compute-interconnect, a storage-interconnect or as a network-interconnect. Such flexibility is
feasible today, but is typically restricted to a switching hierarchy with several different network
types. This flexibility also enables the use of different networking infrastructure for CAN-D: from
a standard electrical device to an experimental photonic-based fabric.
An interface-oblivious design based upon a photonic fabric and photonic-based interconnects
enables scalability in a different dimension: once a CAN box is in operation, it may continuously
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scale. The optical switch and pathway infrastructure are oblivious to the data rate carried. Thus,
a move from a 10 Gbps to 100 Gbps to 1 Tbps per port is a transparent change. The CPU may be
upgraded but the I/O interface remains the same speed oblivious of the optical interconnect. This
also offers possibilities to reduce costs, and ease the maintenance and upgrade processes.
The CAN architecture is the answer to computing as required by an infrastructure. This is
not only because of its high performance and ability to terminate terabits, but also because of
the things that matter for infrastructure: scalability, cost, reliability and management. A small
CAN-based computer can serve as a personal data centre, a CAN box will provide a cloudlet’s
local computing infrastructure, and a collection of CAN blades will build the next-generation
rackscale-based data centre.
7. Conclusion
We propose a new architecture for affordable HPCs, using networking practices to bridge
the performance gap between the networking and the computing world. This approach is a
rethinking of current models; it uses resource control commonly available within networking
devices to improve both the performance and efficiency of current computers. An architecture
that places networking at the centre of the machine requires a fusion of knowledge from computer
systems, network design, operating systems and applications; yet it will provide for a revolution,
solving issues forced on servers by current approaches and architectures.
An important part of the success of novel computing architectures has always been a
combination of hardware and software contributions. CAN aims to create a close integration
between hardware and software, which is essential in order to capitalize on the features provided
by the hardware. On the other hand, wide adoption requires as small a number of changes as
possible to the application level, otherwise adapting the applications would become too costly (in
terms of time and resources). We foresee a prototype of the CAN architecture. We would envisage
this based on the NetFPGA SUME [48] open source reconfigurable platform, using the CHERI [49]
soft core processor and operating and extending the FreeBSD operating system.
We define our architecture as a call-to-arms, not as the definitive answer to the capacity-crunch
in the end-systems but as an enabling force that will mean we can explore practical realization of
novel data-centre uses: ones that are optimized to preserve our privacy through disaggregation
(§2), an approach that enables a new class of use-cases enabling effective mobile devices [11],
and as a practical approach to the disaggregated data centre that can both meet our future
computational needs and capitalize on the disaggregated energy sources that a large-scale move
to renewables (e.g. [50]) would entail. However, an architecture alone is not enough to achieve
our goals. We foresee a rise in such innovative architectures also enabling new efforts to realize
appropriate operating system and application innovations and believe that, irrespective of the
absolute correctness of our architecture for every purpose, the innovation opportunities enabled
will also have long-lasting consequences.
Data accessibility. The data used to generate figure 2 are available at https://www.repository.cam.ac.uk/handle/
1810/250409.
Authors’ contributions. N.Z. and A.W.M. jointly conceived this work, collecting and analysing the trend data
and arriving at the architectural outline. N.Z. prepared the manuscript and A.W.M. helped prepare the
manuscript. J.A.C. inspired the original direction, provided motivating use-cases and made significant
contributions to the manuscript. All authors gave final approval for publication.
Competing interests. We declare we have no competing interests.
Funding. This work was supported by the UK Engineering and Physical Sciences Research Council Internet
Project EP/H040536/1. This work was supported by the Defense Advanced Research Projects Agency and
the Air Force Research Laboratory, under contract FA8750-11-C-0249.
Acknowledgements. We thank M. Grosvenor, T. Harris, S. Moore, R. Mullins, G. Neville-Neil, R. Sohan,
D. Tennenhouse, C. Thacker, R. Watson and B. Zeeb for fruitful discussions on our work.
Disclaimer. The views, opinions and/or findings contained in this article are those of the author and should not
be interpreted as representing the official views or policies, either expressed or implied, of the Department of
Defense or the US Government.
 on April 13, 2016http://rsta.royalsocietypublishing.org/Downloaded from 
12
rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A374:20140445
.........................................................
References
1. Brin S, Page L. 1998 The anatomy of a large-scale hypertextual web search engine. Comput.
Networks ISDN Syst. 30, 107–117. (doi:10.1016/S0169-7552(98)00110-X)
2. Decandia G, Hastorun D, Jampani M, Kakulapati G, Lakshman A, Pilchin A, Sivasubramanian
S, Vosshall P, Vogels W. 2007 Dynamo: Amazon’s highly available key-value store. ACM
SIGOPS Operat. Syst. Rev. 41, 205–220. (doi:10.1145/1323293.1294281)
3. Ellison NB, Steinfield C, Lampe C. 2007 The benefits of Facebook ‘friends’: social capital
and college students’ use of online social network sites. J. Comput. Mediated Commun. 12,
1143–1168. (doi:10.1111/j.1083-6101.2007.00367.x)
4. Nelson J, Holt B, Myers B, Briggs P, Ceze L, Kahan S, Oskin M. 2014 Grappa: a latency-tolerant
runtime for large-scale irregular applications. Technical Report UW-CSE-14-02-01, University
of Washington, Washington, DC, USA.
5. DeBoer D et al. 2009 Australian SKA pathfinder: a high-dynamic range wide-field of view
survey telescope. Proc. IEEE 97, 1507–1521. (doi:10.1109/JPROC.2009.2016516)
6. Cisco. 2014 Cisco global cloud index: forecast and methodology, 2013–2018. See http://www.
cisco.com/c/en/us/solutions/collateral/service-provider/global-c%loud-index-gci/Cloud_
Index_White_Paper.html (accessed May 2015).
7. The Guardian. 2014 The Snowden files. See http://www.theguardian.com/world/series/the-
snowden-files (accessed May 2015).
8. Chen Y, Sion R. 2011 To cloud or not to cloud?: musings on costs and viability. In Proc. ACM
Symp. on Cloud Computing, Cascais, Portugal, 26–28 October 2011, pp. 29:1–29:7. New York, NY:
ACM.
9. Haddadi H, Howard H, Chaudhry A, Crowcroft J, Madhavapeddy A, Mortier R. 2015
Personal data: thinking inside the box. In Proc. Decennial Conf. on Critical Alternatives, Aarhus,
Denmark, 17–21 August 2015. Aarhus, Denmark: Aarhus University.
10. Vaikuntanathan V. 2011 Computing blindfolded: new developments in fully homomorphic
encryption. In Proc. IEEE 52nd Annual Symp. on Foundations of Computer Science, Palm Springs,
CA, 22–25 October 2011, pp. 5–16. Piscataway, NJ: IEEE.
11. Satyanarayanan M, Bahl P, Caceres R, Davies N. 2009 The case for VM-based cloudlets in
mobile computing. IEEE Pervasive Comput. 8, 14–23. (doi:10.1109/MPRV.2009.82)
12. Asanovic K. 2014 Firebox: a hardware building block for 2020 warehouse-scale computers. In
Proc. FAST, Santa Clara, CA, 17–20 February 2014. Berkeley, CA: Usenix Association.
13. Fink M. 2014 Discover day two: the future is now—the machine from HP. See http://www8.
hp.com/hpnext/posts/discover-day-two-future-now-machine-hp (accessed October 2014).
14. Barroso L, Clidaras J, Hoelzle U. 2013 The datacenter as a computer: an introduction to the
design of warehouse-scale machines. Synth. Lect. Comput. Arch. 8, 1–154.
15. Costa P, Ballani H, Narayanan D. 2014 Rethinking the network stack for rack-scale computers.
In Proc. HotCloud, Philadelphia, PA, 17–18 June 2014. Berkeley, CA: Usenix Association.
16. Open Compute Project. See http://www.opencompute.org/ (accessed May 2015).
17. Intel. 2014 Intel rack scale architecture: faster service delivery and lower TCO. See http://
www.intel.com/content/www/us/en/architecture-and-technology/intel-ra%ck-scale-archi
tecture.html (accessed May 2015).
18. Kyathsandra J, Dahlen E. 2013 Intel Rack Scale architecture overview. In Proc. INTEROP, Las
Vegas, NV, 2–6 May 2013. San Francisco, CA: UBM.
19. Falsafi B. 2015 Heterogeneous memory and its impact on rack-scale computing. In Proc. 2nd
Int. Workshop on Rack-scale Computing, Bordeaux, France, 21 April 2015. Eurosys.
20. HP. 2015 HP Moonshot System. See http://www8.hp.com/us/en/products/servers/
moonshot/index.html (accessed May 2015).
21. AMD 2015 SeaMicro. See http://www.seamicro.com/ (accessed May 2015).
22. Moore GE. 1965 Cramming more components onto integrated circuits. Electronics 38, 114–117.
(doi:10.1109/jproc.1998.658762)
23. Frank DJ, Dennard RH, Nowak E, Solomon PM, Taur Y, Wong H-SP. 2001 Device
scaling limits of Si MOSFETs and their application dependencies. Proc. IEEE 89, 259–288.
(doi:10.1109/5.915374)
24. Patterson DA, Hennessy JL. 2013 Computer organization and design: the hardware/software
interface. London, UK: Newnes.
 on April 13, 2016http://rsta.royalsocietypublishing.org/Downloaded from 
13
rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A374:20140445
.........................................................
25. Verghese B, Gupta A, Rosenblum M. 1998 Performance isolation: sharing and isolation in
shared-memory multiprocessors. In Proc. Int. Conf. on Architectural Support for Programming
Languages and Operating Systems, San Jose, CA, 21–25 October 1998, pp. 181–192. New York, NY:
ACM.
26. Kaufmann A, Peter S, Anderson T, Krishnamurthy A. 2015 FlexNIC: rethinking network
DMA. In Proc. 15th Workshop on Hot Topics in Operating Systems, Kartause Ittingen, Switzerland,
18–20 May 2015. Berkeley, CA: Usenix Association.
27. Park C, Badeau R, Biro L, Chang J, Singh T, Vash J, Wang B, Wang T. 2010 A 1.2 Tbps on-
chip ring interconnect for 45 nm 8-core enterprise xeon processor. In Proc. IEEE Int. Solid-State
Circuits Conf., San Francisco, CA, 7–11 February 2010, pp. 180–181. Piscataway, NJ: IEEE.
28. Gallenmüller S, Emmerich P, Wohlfart F, Raumer D, Carle G. 2016 Comparison of frameworks
for high-performance packet IO. In Proc. ACM/IEEE Symp. on Architectures for Networking and
Communications Systems, Santa Clara, CA, 17–18 March 2016, pp. 29–38. New York, NY: ACM.
29. Mogul JC. 2003 TCP offload is a dumb idea whose time has come. In Proc. Conf. on Hot Topics
in Operating Systems, Linhue, HI, 18–21 May 2003, vol. 9, pp. 25–30. Berkeley, CA: Usenix
Association.
30. Novakovic´ S, Daglis A, Bugnion E, Falsafi B, Grot B. 2014 Scale-out NUMA. In Proc. Int. Conf.
on Architectural Support for Programming Languages and Operating Systems, Salt Lake City, UT,
1–5 March 2014, pp. 3–18. New York, NY: ACM.
31. Daglis A, Novakovic S, Bugnion E, Falsafi B, Grot B. 2015 Manycore network interfaces for
in-memory rack-scale computing. In Proc. Int. Symp. in Computer Architecture, Portland, OR,
13–17 June 2015. New York, NY: ACM.
32. Zilberman N, Watts PM, Rotsos C, Moore AW. 2015 Reconfigurable network systems and
software-defined networking. Proc. IEEE 103, 1102–1124.
33. Cole C et al. 2007 An overview: the next generation of ethernet. In Proc. IEEE 802.3-HSSG
Meeting, Atlanta, GA, 13–15 November 2007. Piscataway, NJ: IEEE.
34. PCI SIG. 2003 PCI Express base specifications revision 1.0 a. Beaverton, OR: PCI SIG.
35. IEEE. 2010 IEEE standard for information technology—local and metropolitan area
networks—specific requirements—amendment 4: media access control parameters, physical
layers, and management parameters for 40 Gbps and 100 Gbps operation. In IEEE Std
802.3ba-2010 (Amendment to IEEE Standard 802.3-2008), pp. 1–457. Piscataway, NJ: IEEE.
36. Interlaken Alliance. 2013 Interlaken interoperability recommendations, revision 1.7. Interlaken
Alliance.
37. Cole C. 2013 Future datacenter interfaces based on existing and emerging optics technologies.
In Proc. Photonics Society Summer Topical Meeting Series, Waikoloa, HI, 8–10 July 2013, pp. 217–
218. Piscataway, NJ: IEEE.
38. Intel. 2014 Intel re-architects the fundamental building block for high-performance compu-
ting. See http://newsroom.intel.com/community/intel_newsroom/blog/2014/06/23/intel-
r%e-architects-the-fundamental-building-block-for-high-performance-computing (accessed
January 2015).
39. Chen D et al. 2012 The IBM Blue Gene/Q interconnection fabric. IEEE Micro 32, 32–43.
(doi:10.1109/MM.2011.96)
40. Henning JL. 2006 SPEC CPU2006 benchmark descriptions. ACM SIGARCH Comput. Arch.
News 34, 1–17. (doi:10.1145/1186736.1186737)
41. Thacker CP. 2010 Improving the future by examining the past: ACM Turing award lecture.
ACM SIGARCH Comput. Arch. News 38, 348–348. (doi:10.1145/1816038.1816006)
42. Kelly F, Yudovina E. 2014 Stochastic networks. Cambridge, UK: Cambridge University Press.
43. Baumann A, Barham P, Dagand P-E, Harris T, Issacs R, Peter S, Roscoe T, Schüpbach A,
Singhania A. 2009 The multikernel: a new OS architecture for scalable multicore systems.
In ACM SIGOPS 22nd Symp. on Operating Systems Principles, Big Sky, MT, 11–14 October 2009,
pp. 29–44. New York, NY: ACM.
44. Pawlowski JT. 2011 Hybrid memory cube (HMC). In Proc. Hotchips, Berkeley, CA, 17–19 August
2011, vol. 23, pp. 1–24. Piscataway, NJ: IEEE.
45. Madhavapeddy A, Mortier R, Rotsos C, Scott D, Singh B, Gazagnaire T, Smith S, Hand S,
Crowcroft J. 2013 Unikernels: library operating systems for the cloud. In Proc. 18th Int. Conf.
on Architectural Support for Programming Languages and Operating Systems, Houston, TX, 16–20
March 2013, pp. 461–472. New York, NY: ACM.
 on April 13, 2016http://rsta.royalsocietypublishing.org/Downloaded from 
14
rsta.royalsocietypublishing.org
Phil.Trans.R.Soc.A374:20140445
.........................................................
46. Baumann A, Hawblitzel C, Kourtis K, Harris T, Roscoe T. 2014 Cosh: clear OS data sharing in
an incoherent world. In Proc. Timely results in operating systems, Broomfield, CO, 5 October 2014.
Berkeley, CA: Usenix Association.
47. Hayter M, McAuley D. 1991 The desk area network. SIGOPS Oper. Syst. Rev. 25, 14–21.
(doi:10.1145/122098.122100)
48. Zilberman N, Audzevich Y, Covington GA, Moore AW. 2014 NetFPGA SUME: toward 100
Gbps as research commodity. IEEE Micro 34, 32–41. (doi:10.1109/MM.2014.61)
49. Woodruff J et al. 2014 The CHERI capability model: revisiting RISC in an age of risk. In Proc.
Int. Symp. in Computer Architecture, Minneapolis, MN, 14–18 June 2014. New York, NY: ACM.
50. Hopper A, Rice A. 2008 Computing for the future of the planet. Phil. Trans. R. Soc. A 366,
3685–3697. (doi:10.1098/rsta.2008.0124)
 on April 13, 2016http://rsta.royalsocietypublishing.org/Downloaded from 
